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In recent years, a global C-isotopic data set for Neoproterozoic carbonate rocks has been compiled and used to correlate 13 C profiles worldwide (e.g. Kaufman et al. 1997; Walter et al. 2000; Halverson et al., 2005 Halverson et al., , 2007a , and references therein). Here we report new 13 C data for Dalradian carbonate rocks and use them to construct a composite C-isotope profile spanning most of the succession. When these data are integrated with their positions relative to Dalradian glacigenic deposits, there is remarkably strong correspondence with the established 13 C curve and main glacial deposits for the Neoproterozoic. The key correlations include: (i) a potential correlative of the c. 800 Ma Bitter Springs anomaly Halverson et al. 2007b) ; (ii) the pre-Marinoan Trezona anomaly and the 635 Ma
Marinoan glacial-cap carbonate sequence (Kennedy 1996; Kennedy et al. 1998; Hoffman et al. 1998; Hoffmann & Schrag 2002; Hoffmann et al. 2004; Halverson et al. 2002 Halverson et al. , 2005 Condon et al. 2005; Zhang et al. 2008) ; and (iii) the late Neoproterozoic Wonoka-Shuram anomaly (Burns & Matter 1993; Calver 2000; McKirdy et al. 2001; Fike et al. 2006; Le Guerroué et al. 2006; Rieu et al. 2007) . Our data provide, for the first time, globally comparative C-isotope events through the Dalradian. This permits comparison with better dated, less deformed Neoproterozoic sections elsewhere, enhancing the contribution the Dalradian succession can make towards understanding Earth System behaviour during a time of profound geological and environmental change.
Background
The Dalradian Supergroup is divided into four main groups: from oldest to youngest, the Grampian, Appin, Argyll and Southern Highland (Harris et al. 1978; 1994) ; each is further divided into subgroups containing numerous formations (Fig. 1) . The Dalradian succession contains generally thin and subordinate, but regionally persistent, carbonate units. Their stratigraphical value has long been recognized and various workers have used whole-rock geochemistry to discriminate amongst them and aid in regional correlation (Hickman & Wright 1983; Rock 1986; Thomas 1989; Thomas & Aitchison 2006) . Our work builds on and significantly extends this previous work.
Critical to this study is the presence in the Dalradian of glacial deposits. For many years, the Port Askaig Formation, recognised in discontinuous outcrop across mainland Scotland and Ireland, was the only glacial deposit identified within the Dalradian (Spencer 1971; Eyles & Eyles 1983; Arnaud & Eyles 2006; Benn & Prave 2006 Boulder Beds in SW and NE Scotland, respectively (Sutton & Watson 1954; Stoker et al. 1999; Condon et al. 2000 Condon et al. , 2002 . Thomas et al. (2004) have shown that diagenetic effects on 13 C in most Dalradian limestones were likely minor. Part of the evidence for reaching this conclusion is the relatively high Sr contents for most of these limestones (~1 to 2 x 10 3 ppm; Hickman & Wright 1983; Rock 1986; Thomas 1989; Thomas et al. 2004 ) which has been used to infer that the original carbonate phase was largely aragonite and that diagenetic pathways were rather simple, consistent with transition from aragonite to calcite in the presence of a fluid dominated by broadly contemporaneous seawater away from the influence of meteoric and other exotic fluids. Regarding metamorphism, the metamorphic fluids passing through the Dalradian rocks are known to have been poor in C-bearing phases (e.g. CO 2 , CO, CH 4 ) relative to calcite, thus the isotopic composition of the carbonate carbon was largely buffered (Holness & Graham 1995; Graham et al. 1997; Thomas 2000) and that any alteration of the 13 C of Dalradian limestones would have been small relative to the amplitude of secular changes in Neoproterozoic seawater. Micro-analytical (ion microprobe) analyses of calcite grains in amphibolite facies limestone (Lewis et al. 1998 (Lewis et al. , 2000 
Results
Figures 2 and 3 show the 13 C carbonate trend for the composite stratigraphic column of the Dalradian Supergroup, compared to the currently proposed global curve of Halverson et al. (2005 Halverson et al. ( , 2007a .
Grampian Group Limestones. Only one interval of carbonate rocks occurs in the Grampian
Group, a 10 -20 m thick limestone unit in the Kincraig Formation (Corrieyairack Subgroup).
The limestone is sandwiched between thick successions of fine-grained psammite and semipelite and, at the eponymous type locality in the central Scottish Highlands, occurs a few tens of metres above the inferred base of the Grampian Group (Smith et al. 1999) . The rocks are at upper amphibolite facies and, although psammitic rocks retain sedimentary structures, pelitic units have developed gneissose textures. The limestone unit, though, is surprisingly coherent and displays well-developed carbonate-siliciclastic cycles. These consist of 0.5 -2 m thick, sharp-based calcitic marbles separated by thinner psammite-pelite beds. The upward vertical trend is for carbonate:psammite-pelite ratios to decrease. Given that there is only one well-developed section of the Kincraig Limestone, inferring depositional settings is speculative, but the stratigraphic trend implies deepening-upward peritidal cycles, an inference supported by the fact that overlying units consist of siliciclastic turbidites (Smith et al. 1999 Fairchild 1980 Fairchild , 1991 do not cap glacigenic rocks and are separated from the last diamictite-bearing units by many tens of metres of strata. These strata record deposition in intertidal and shallow-marine settings (Spencer & Spencer 1972; Fairchild 1991) , and possibly even more restricted shoreline settings (Fairchild 1980 (Fairchild , 1985 . Flinn 1985) in assuming that all the Dalradian rocks on Shetland predate the Cambrian Leny Limestone.
Discussion: Global C-isotopic trends and the Dalradian
In lieu of other chronometric techniques, C-isotope stratigraphy has provided a means of 'telling Neoproterozoic time' (Knoll 2000) . Over the past few years, papers have synthesised C-isotope profiles from numerous well-exposed and -documented Neoproterozoic successions and have constructed a global C-isotope stratigraphy tied to as many absolute geochronological constraints as are currently available (e.g. Halverson et al. 2005 Halverson et al. , 2007a . It is against this composite 13 C curve that we have evaluated our data for the Dalradian. The comparisons are striking and the overall trends of the Dalradian 13 C profile matches closely with the global curve (Figs. 2, 3 ): there are three stratigraphically discrete glacigenic intervals, the two older ones are sandwiched between sharp negative excursions and intervening carbonate rocks have strongly positive 13 C excursions.
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The four significant negative 13 C excursions in the Dalradian can be correlated to those known for Neoproteorozoic sections worldwide. The youngest of these, the deep and persistent negative excursion recorded in the Girlsta Limestone, is interpreted as the ShuramWonoka anomaly (Prave et al. 2009) . No other known negative 13 C excursion in Earth history is as dramatic. Published age constraints and determinations place it between c. 600
Ma and 551 Ma (Condon et al. 2005; Le Guerroué et al. 2006; Bowring et al. 2007; Rieu et al. 2007; Melezhik et al. 2008) , consistent with the c. 600 Ma age for the Tayvallich Volcanics (Halliday et al. 1989; Dempster et al. 2002) . The link is supported further by the documentation of the Shuram-Wonoka anomaly in similar rocks in the Scandinavian Caledonides (Melezhik et al. 2008 ).
The next two negative 13 C excursions bracket the glacigenic Stralinchy
Conglomerate and its correlative intervals in Scotland. These excursions occur immediately before and after the glacial unit. This sandwich of negative excursion -glacial unitnegative excursion, its position several kilometers stratigraphically beneath the 600 Ma
Tayvallich volcanic rocks, and the physical similarity of the Cranford Limestone (and its correlatives) to cap carbonates known elsewhere (see McCay et al. 2006) , strongly suggest correlation with the Trezona and cap carbonate excursions associated with the Marinoan glaciation (Kennedy et al. 1998; Halverson et al. 2002 Halverson et al. , 2005 . UPb zircon ages on ash beds that date the meltback phase and the formation of the cap carbonate of this glaciation yield an age of 635 Ma for these events (Hoffmann et al. 2004; Condon et al. 2005; Zhang et al. 2008 ).
The Port Askaig Tillite Formation is the oldest of the Dalradian glacial deposits. Four cm thick) Fe-rich layers. These data match well those which characterise deposits of the Sturtian icehouse episodes (Halverson et al. 2005 (Halverson et al. , 2007a . The number and timing of Sturtian glaciations is far from being resolved; antecedent to the varying ages that have been obtained on 'Sturtian' deposits, the Port Askaig was considered to be correlative with the Initially, the deeply negative 13 C values of the overlying Bonahaven Formation puzzled us because they stand out from the global trends and could have been interpreted as recording a diagenetically modified and/or restricted marine signal and thereby potentially compromising its utility for global correlations (Fairchild, pers. comm. 2009 ). However, recent work by Macdonald et al. (2009) Bitter Springs anomaly is correct, the onset of Dalradian sedimentation must be older than 800 Ma. However, 87 Sr/ 86 Sr data for the Kincraig Formation (Thomas et al. 2004) , which is stratigraphically older than the Ballachulish Limestone, are consistent with an age of c. 750 -800 Ma when compared with the latest compilation of Neoproterozoic 87 Sr/ 86 Sr data (Halverson et al. 2007b) . Thus the age of the base of the Dalradian is still uncertain and further work is required to resolve this issue, including a circumspect consideration of the basement-cover relationships and the 800 -840 Ma age dates for the sheared gneissose rocks in the Central Highlands of Scotland (Highton et al., 1999; Noble et al. 1996) .
Discussion: Geological implications for the Dalradian
The Dalradian Supergroup is one of three major Neoproterozoic supracrustal successions within the Scottish-Irish Highlands (the Moine and Torridonian Supergroups being the other two). If the age constraints on the global C-isotope excursions are correct and if we are correct in our interpreted correlations, the C isotope data can be used to provide first-order estimates of the time spans of large sections of Dalradian lithostratigraphy: the time encompassed in the Grampian and Appin Groups would be on the order of more than 100
Myr, in the Islay and mid Easdale Subgroups some 80 Myr, and in the Stralinchy
Conglomerate to the Leny Limestone some 50 Myr.
The need remains for obtaining independent radiometric age control on these Cisotopic excursions, as well as improved age constraints for the initiation of Dalradian sedimentation, but these correlations provide a better temporal framework than anything that has existed previously for the Dalradian. Combined with sedimentological studies, this 'chronostratigraphy' can be used to test and refine models for the geological evolution of the Dalradian and thus a means for reconstructing more accurate and precise Neoproterozoic palaeogeographies. In addition, given the likelihood of such long time spans, the Dalradian must contain significant unconformities. One such proposed unconformity at the base of the Easdale Subgroup (Pitcher & Berger 1972 ) is supported by a step-increase in 87 Sr/ 86 Sr on carbonate rocks (Thomas et al. 2004) . The discovery and documentation of such surfaces should spur the next major research effort to advance understanding of Dalradian geology. Conglomerate, Inishowen-Loch na Cille-MacDuff IRD beds, and their equivalents) lasted a minimum of some 130 Myr, and the succession from there to the Leny Limestone (and correlatives) was of c. 50 Myr duration. After more than a century of study, the Dalradian is approaching a state whereby the timing, rates and durations of the processes forming, rather than deforming, the rocks can be brought more clearly into focus. 
Summary and Conclusion

